Introduction
Epilepsy affects 65 million people worldwide. Despite available treatments, more than 1 million people still suffer from seizures that severely limit their daily activities and quality of life. Most medical therapies for epilepsy consist of daily regimens of antiepileptic drugs and/or electrical stimulation provided by medical devices such as VNS Therapy
1
. Once a clinical seizure starts, rescue medications can be administered in an attempt to disrupt progression of a given seizure and manage seizure emergencies, such as prolonged, repetitive seizures, or status epilepticus. However, rescue medications, for example rectal diazepam, are not appropriate for all patients, require caregiver administration, and may have undesirable side effects. Automatic and noninvasive delivery of treatment prior to or at the onset of a clinical seizure may provide patients with epilepsy peace of mind and increased control over their seizures.
Heart rate can be measured easily when compared to other biomarkers that are commonly associated with seizures (i.e., longterm EEG), and therefore it has become an interesting parameter to explore for detecting seizures. Cardiac signals are robust, easy to record, and algorithms can be adapted to individual patients based on predetermined heart rate changes in response to epileptic seizures. Understanding the prevalence and magnitude of heart rate changes associated with seizures, as well as the timing of such changes relative to seizure onset, is fundamental to the development and use of cardiac based algorithms for seizure detection.
Epileptic seizures can lead to changes in autonomic function affecting the sympathetic, parasympathetic, and enteric nervous systems. Changes in cardiac signals are potential biomarkers that may provide an extra-cerebral indicator of ictal onset in some patients.
The parasympathetic and sympathetic systems act in concert to maintain homeostasis and regulate key visceral functions such as heart rate. In particular, the anterior cingulate, insular, posterior orbito-frontal, and the pre-frontal cortices play key roles in influencing the autonomic nervous system at the cortical level Epileptic seizures can lead to changes in autonomic function affecting the sympathetic, parasympathetic, and enteric nervous systems. Changes in cardiac signals are potential biomarkers that may provide an extra-cerebral indicator of ictal onset in some patients. Heart rate can be measured easily when compared to other biomarkers that are commonly associated with seizures (e.g., long-term EEG), and therefore it has become an interesting parameter to explore for detecting seizures. Understanding the prevalence and magnitude of heart rate changes associated with seizures, as well as the timing of such changes relative to seizure onset, is fundamental to the development and use of cardiac based algorithms for seizure detection. We reviewed 34 articles that reported the prevalence of ictal tachycardia in patients with epilepsy. Scientific literature supports the occurrence of significant increases in heart rate associated with ictal events in a large proportion of patients with epilepsy (82%) using concurrent electroencephalogram (EEG) and electrocardiogram (ECG). The average percentage of seizures associated with significant heart rate changes was similar for generalized (64%) and partial onset seizures (71%). Intra-individual variability was noted in several articles, with the majority of studies reporting significant increase in heart rate during seizures originating from the temporal lobe. Accurate detection of seizures is likely to require an adjustable threshold given the variability in the magnitude of heart rate changes associated with seizures within and across patients. along with the amygdala and hypothalamus. 1, 2 In patients with epilepsy, ictal discharges that occur in or propagate to these structures can lead to increased sympathetic outflows, impacting autonomic function. Research involving experimental stimulation of various neural structures suggests that the propagation of epileptic discharges to the right insular cortex is a primary driver of sympathetic-parasympathetic changes that influence heart rate. 3 Although sympathetic responses such as sinus tachycardia are the most common changes that occur during seizures, parasympathetic responses such as bradycardia can also occur if the ictal discharges propagate to cortical regions governing depressor responses. 1 Sinus tachycardia characteristically refers to a heart rate that exceeds the normal range for a resting heart rate. The upper threshold of a normal heart rate depends on and decreases with age, however no standard definition exists. The upper threshold of heart rate for people >15 years of age is commonly considered to be 100 beats per minute (bpm) while the upper threshold for children 6-11 months of age is >169 bpm. 4 Ictal tachycardia can be defined as the occurrence of sinus tachycardia either prior to, during, or shortly after the onset of ictal discharges. 2 This review describes the prevalence and characteristics of ictal tachycardia in patients with epilepsy as reported in the literature.
Methods
A review of the literature was conducted per MEDDEV 2.7.1 5 to summarize the prevalence of ictal tachycardia in patients with epilepsy as reported in the literature. Only full original peerreviewed research (no meeting abstracts or review articles) related to the research objective were included. The reference lists of key relevant articles were also searched and additional articles were identified. Known references that were not found in the literature search were also included for completeness. The literature search for this topic was conducted in April 2013 using PubMed (Fig. 1) . Three independent searches were conducted using the following keywords: (1) ictal tachycardia (46 primary citations), (2) heart rate variability seizure (79 primary citations) and (3) ictal bradycardia (63 primary citations). The combination of the results of these three searches provided 165 unique citations. Upon review of the abstracts, 19 were review articles (17 were unrelated to ictal tachycardia, 2 were used to identify additional primary articles), 7 were case reports, and 105 were not directly related to ictal tachycardia; the remaining 34 articles were obtained and reviewed. Upon review of the full publications, an additional 10 papers were excluded as they were not directly related to ictal tachycardia. Articles were included if they reported the proportion of patients or seizures that exhibited an increased heart rate or ictal tachycardia. An evaluation of the study design and measures to reduce bias was also performed. For the primary search, 24 clinical articles were identified that reported changes in heart rate associated with epileptic events. An additional 10 articles that were not identified in the primary search were also included that were either known to the authors or identified as additional references from the primary articles.
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Results
The 34 articles identified were reviewed and are summarized alphabetically by author's last name in Table 1 . The literature was assessed based on several key characteristics that define this clinical phenomenon including the overall prevalence of ictal tachycardia in the patient population, the prevalence of ictal tachycardia by seizure type, as well as potential differential indicators of ictal tachycardia including lobe of seizure onset and lateralization. Consistent with the diverse nature of the epilepsies, the results presented here include a range of etiologies, seizure types, patient characteristics, and definitions of ictal tachycardia. The occurrence and magnitude of ictal tachycardia may be influenced by patient and/or disease state characteristics. Thus, in addition to overall summary data, we present results by seizure type, lobe of onset, lateralization, and degree of tachycardia. Finally, the magnitude and timing of the respective changes in heart rate associated with seizure onset are discussed. Defining these characteristics promotes understanding of potential mechanisms of action for ictal tachycardia and also provides insight on patient selection for use and programming of cardiac based seizure detection algorithms.
Study design
The study designs utilized by the articles reviewed were primarily prospective or retrospective case series of observational 
Summary of patient characteristics
The mean age at evaluation was reported in 27 of 34 articles and ranged from 7.5 to 48 years of age with an average of 30 years. [6] [7] [8] [9] 11, 12, 14, 16, [18] [19] [20] [21] [22] [23] [24] [26] [27] [28] [29] [30] [31] 33, [35] [36] [37] [38] [39] Five articles reported on pediatric populations (mean age of less than 18 years old), 8, 12, 19, 24, 30 while eight articles included populations that were exclusively adults (>18). 6, 10, 13, 25, 29, [34] [35] [36] The majority of articles (n = 16) included both adult and pediatric popula- Tachycardia: heart rate >100 bpm Tachycardia: increase of at least 10 bpm in 73% of seizures (93% of pts) around seizure onset. In 23% of seizures (49% of pts), the rate increase preceded both electrographic and clinical onset. Occurred in 93% (n = 75/81) of patients.
PT -patient; HR -heart rate; CPS -complex partial seizure; SPS -simple partial seizure; GTC -generalized tonic clonic; TLE -temporal lobe epilepsy; FLE -frontal lobe epilepsy; NFLE -nocturnal frontal lobe epilepsy; bpm -beats per minute; TLS -temporal lobe seizure; IT -ictal tachycardia; SG-secondarily generalized; PG -primary generalized; PS -partial seizure; MC -myoclonic; AA -atypical absence; CI -confidence interval.
tions. 7, 8, 11, 14, 16, 17, 20, 21, 23, 26, 28, 30, 31, 33, [37] [38] [39] The most frequent definition was a heart rate that exceeds 100 beats per minute (bpm); 5 of the 16 articles used this definition. A threshold of 100 bpm corresponds to the threshold for maximum normal heart rate for patients >15 years old, consistent with the populations under study in most articles. Other definitions utilized in more than one study included heart rate >120 bpm (n = 3), and heart rate >10 bpm above baseline heart rate (n = 3). Two articles utilized a definition of tachycardia that varied by age of study participants. 19, 20 Four other articles defined significant changes in heart rate (not specified as tachycardia) relative to baseline measurements. 24 ,28,31,36
Prevalence of ictal tachycardia by patient
Understanding the prevalence of this phenomenon is important to assessing its utility as a diagnostic. Estimates of the proportion of patients in whom ictal tachycardia was observed during at least one clinical seizure was derived from 20 articles ( Table 2) . In cases where 100% of seizures were reported to have the associated heart rate change, it was inferred that 100% of patients experienced the change. Two articles investigated only subclinical events and found that tachycardia was associated with between 7.7% 6 and 38% 28 of patients. One study investigated only patients with a history of ictal bradycardia 7 and reported that 23% (n = 13) of these patients also exhibited ictal tachycardia (>120 bpm). In ten articles that evaluated heart rate changes or ictal tachycardia not otherwise specified, 10, 12, 13, 17, 18, 22, 26, 28, 32, 36 the percent of patients with significant heart rate changes during at least one of their recorded seizures ranged from 38% to 100%. Across all articles evaluating clinical seizures (articles evaluating subclinical and bradycardia patients only not included), the weighted average percentage of patients with associated heart rate changes was 82%.
The variance in outcomes reported may be due to factors including lobe of onset and the extent and speed of ictal spread; WilderSmith et al. proposed that their comparatively low rate of ictal tachycardia (43% of patients) may be due to a differential proportion of seizures originating from the frontal vs. temporal lobe. 29 Several articles evaluated intra-individual consistency in heart rate changes from seizure to seizure. 15 reported that when multiple seizures were recorded per patient, the pattern of R-R interval changes was similar for all ictal episodes. 30 Kerem and Geva also noted that the pattern of ictal tachycardia was more predictable within seizures of the same patient but varied across patients. 32 Five articles reported similar patterns in most but not all seizures within the same patient. 15, 21, 26, 31, 36 Leutmezer et al. analyzed peri-ictal heart rate patterns and found that each seizure followed one of two distinct patterns: continuous and steady increase in heart rate, or abrupt discontinuous increase in heart rate followed by a continuous steady increase. For patients with more than one seizure, 67.7% had one peri-ictal heart rate pattern, 17.6% had two, and 14.7% had three different patterns which included no change or decrease in heart rate. 15 
Both Smith et al. and Galimberti et al. reported that
half of all patients who had more than one seizure recorded had variable heart rate changes from seizure to seizure. 26, 31 In addition to heart rate responses during seizures, it has been documented that refractory temporal lobe epilepsy is associated with dysfunction of inter-ictal autonomic responses including heart rate. 40 These results indicate that some intra-individual variability is likely with respect to heart rate changes during ictal events, yet consistent patterns within patients may exist.
Prevalence of ictal tachycardia by seizure type
The literature cites the occurrence of ictal tachycardia across several different seizure types. This section summarizes the prevalence in each. The prevalence of ictal tachycardia and/or significant increases in heart rate reported in the literature by seizure type is summarized in Table 3 .
Subclinical seizures
The articles reviewed here investigated both subclinical seizures and those with clinical manifestations; two articles exclusively investigated subclinical events and reported that tachycardia was associated with between 4% 6 and 41% 28 of subclinical seizures. One study evaluated subclinical seizures in addition to other seizures types and reported that of 13 subclinical seizures, only 1 (7.7%) showed tachycardia. 
Partial seizures
Sixteen articles reported either the percent of partial onset seizures with ictal tachycardia or the percent of patients exemplifying at least one instance of ictal tachycardia. [10] [11] [12] [15] [16] [17] [18] [19] [20] [23] [24] [25] [26] 29, 30, 38 The percent of partial seizures (with or without secondary generalization) associated with tachycardia ranged from 32.9% 11 to 100%. 10, 12, 17 Four additional articles reported significant heart rate increases (not specified as tachycardia) in Table 2 Percent of patients with ictal heart rate change/tachycardia during at least one seizure.
Definition of ictal tachycardia References Percent of patients
Heart rate change/tachycardia, not otherwise specified 49%-100% of partial seizures. 9, 22, 31, 33 The weighted average of study results presented here gives an estimate of 71% of partial seizures with ictal tachycardia and/or significant heart rate changes. Additional variability was found within partial onset seizures; de Oliveira et al. reported that although 100% of complex partial seizures were associated with an increase during ictal events, no heart rate changes were observed in simple partial seizures. 22 Similarly, Epstein et al. reported an additional increase in mean heart rate when seizures spread from regional limbic to bilateral cortical areas; heart rate increased from a baseline of 80-124 bpm (55%) when ipsilateral spread was complete, and increased another 17% when seizures spread bilaterally. 10 Finally, while Leutmezer et al. reported no significant difference in heart rate around ictal onset for seizures that eventually secondarily generalized; 15 three other articles reported that secondarily generalized seizures were more likely to be associated with tachycardia than those that remain localized.
20,21,33
Generalized seizures
In addition to partial onset seizures, 11 articles evaluated heart rate changes associated with generalized seizures. 8, 12, 14, 20, 23, 24, 33, [36] [37] [38] [39] Seven articles reported the percent of generalized seizures associated with tachycardia and/or significant increases in heart rate; results ranged from 48% to 100% with a weighted average of 64%. 12, 20, 23, 24, 33, 36, 38 van Elmpt et al. noted the absence of heart rate changes during several myoclonic seizures leading to the lower percentage of seizures associated with heart rate changes (48%). 36 Absence seizures were typically excluded from articles; however, one article reported no significant change in heart rate during absence seizures. 24 Four articles included generalized seizures in the respective analyses but did not report results separately; the percentage of all seizures associated with tachycardia in these articles ranged from 52% to 100%. 13, 14, 37, 39 Finally, two articles reported a significantly higher proportion of generalized seizures were associated with tachycardia when compared to non-generalized complex partial seizures in the same analysis (p < 0.01), 20,23 while Blumhardt et al. noted that heart rate changes and initial acceleration tended to be greater with bilateral EEG discharges than with unilateral discharges. 30 
Lobe of onset
Lobe of onset was consistently evaluated as a potential influencing factor with respect to heart rate changes occurring during seizures. Considering articles that evaluated seizures with a clinical manifestation, the vast majority of studies reviewed here report significant increase in heart rate during seizures originating from the temporal lobe. [9] [10] [11] [12] [15] [16] [17] [18] [19] 22, 25, 26, 28, [30] [31] [32] [33] [34] [35] 38 Of these, nine studies evaluated differences in lobe of onset including temporal vs. extratemporal and/or mesial vs. lateral origins within the temporal lobe. 9, 11, 12, 15, 19, 25, 28, 31, 33 Three articles indicated that seizures of temporal lobe onset were more likely to have heart rate changes when compared to extratemporal epilepsies. of seizures showing early heart rate decrease were of temporal origin. 31 Schernthaner et al. reported similar rates of ictal tachycardia for temporal lobe (92.9%) and frontal lobe onset seizures (83.3%); however ictal heart rate variability was significantly higher in frontal lobe onset seizures when compared to temporal lobe. 25 Finally, Nilsen et al. reported that patients with frontal lobe seizures had higher interictal heart rate and a trend toward lower pre-ictal heart rate compared to patients with temporal lobe seizures. 33 When considering differences between seizures originating from mesial or lateral structures, Schernthaner et al 25 reported no significant difference in the degree of heart rate increase between mesial and lateral temporal lobe origin, yet heart rate changes preceded EEG changes more frequently in lateral than mesial temporal lobe seizures (p = 0.03). Similarly, Di Gennaro et al. 9 and
Mayer et al. 19 reported that the onset of ictal heart rate increases occurred earlier in the mesial than in the lateral temporal seizures in both adult and pediatric populations, respectively. When evaluating subclinical seizures, Epstein et al. reported that activity in the temporal lobe did not affect heart rate, yet increases were seen when additional areas were recruited. 10 In contrast, Weil et al. reports a change in heart rate in subclinical seizures from the temporal lobe but not from the frontal lobe. 28 
Lateralization
Several articles evaluated lateralization as a potential influencing factor on the occurrence of and/or degree of heart rate changes associated with seizures. In stimulation studies, electrical stimulation of right insula tends to produce tachycardia; whereas, stimulation of left insula more often produced bradycardia. 3 Although it has been hypothesized that the right sections of the autonomic system exert greater control on cardiac functions than the left, 3 the majority of articles reviewed here reported no differences regarding lateralization. 10, 11, 16, 21, 23, 25, 31, 35 Five articles did indicate a potential differential effect for seizures originating from the left or right side, 6, 9, 15, 18, 19 with the majority of these indicating more influence from the right side. Leutmezer et al. reported that ictal tachycardia was seen more often in seizures originating from the right vs. left side. 15 Similarly, Di Gennaro et al.
reported in a sub-group analysis that males with right temporal lobe seizures had a significantly greater increase in heart rate compared with left-sided mesial temporal lobe seizures within the first 10 s after seizure onset. 9 Although not statistically significant, Schernthaner et al. reported a higher heart rate increase for seizures with right temporal onset compared to those with left temporal onset. 25 Mayer et al. reported two distinct and specific heart rate patterns for temporal lobe seizures originating from the right including an initial high increase followed by a fast decrease or a low but sustained increase; seizures originating from the left temporal lobe presented with primarily moderate heart rate dynamics. 19 Finally, Massetani et al. 18 reported greater relative risk variability associated with seizures with a right sided focus, while Adjei et al. 6 reported that left temporal lobe epilepsy patients had higher mean heart rate and reduced heart rate variability before, during, and after subclinical patterns.
Magnitude of heart rate change
Of those articles defining ictal tachycardia, six report a mean absolute change in heart rate during an ictal event (bpm). 11, 12, 15, 19, 23, 25 By taking a weighted average of the absolute change, the average change in heart rate was an increase of 34.23 bpm per seizure and 33.51 bpm per patient. One additional study reported an average increase in heart rate (not specified as tachycardia) from 73 AE 2.5 bpm at baseline to 109 AE 3.2 bpm during the ictal phase of complex partial seizures. 22 Keilson et al. reported an average increase in heart rate of 60% (range 0%-160%) during ictal events, with a 64% increase in heart rate for generalized seizures compared to 56% of right and 50% of seizures lateralized from the left side. 14 an increase in heart rate of more than 10 bpm in 73% of seizures and in increase of more than 20 bpm in 55% of seizures. 39 Finally, Wilder-Smith et al. reported that 22% of partial seizures were associated with moderate tachycardia (20-50% increase), and 11% were associated with severe tachycardia (>50% increase). 29 Small to moderate increases were consistently more frequent than severe levels of tachycardia.
Timing of change
Several articles report the occurrence of heart rate changes prior to seizure onset. Zijlmans reported that in 98% of the total mesial seizures included in the study, the heart rate increase occurred 5 s before the ictal EEG discharge whereas in 95% of the total lateral seizures, ictal heart rate increases coincided with the onset of the ictal EEG discharge. 9 Finally, Nilsen et al. reported that the heart rate in the pre-ictal period was higher in patients with secondarily generalized tonic clonic seizures compare to patients with complex partial seizures. 33 All studies of timing of heart rate increase in relation to seizure onset are subject to potential sampling error involving capture of true seizure onset. A study utilizing power spectrum analysis of heart rate variability reported that 100% of seizures (n = 3 patients; 6 seizures) showed reciprocal high frequency power peaks between 10 s pre seizure-onset and 24 s post seizure-onset. 13 Furthermore, the reciprocal HF-power amplitude exceeded non-seizure maximum for all seizures between 30 s pre seizure-onset and seizure onset time. These high reciprocal HF power peaks suggest suppressed parasympathetic activity at seizure onset which opens the possibility to predict seizures using heart rate variability seconds before seizure onset. Several articles reported significant increase in heart rate at seizure onset or within the first 30 s of seizure onset 11, 14, 17, 27, 29, 31 with maximal heart rate achieved for a majority of seizures within the first 60 s. 17, 19, 30 Calandra-Buonaura et al. evaluated heart rate variability and showed a shift of sympathetic/parasympathetic cardiac control toward a dominant sympathetic expression in the 10 s before seizure onset; however heart rate changes were only evident 1 s before onset. 8 
Discussion
Scientific literature supports the occurrence of significant increases in heart rate associated with ictal events in a large proportion of patients with epilepsy using concurrent electroencephalogram (EEG) and electrocardiogram (ECG); a weighted average of 82% of patients had at least one seizure associated with a significant increase in heart rate across studies evaluated here. Intra-individual variability was noted in several articles; 15, 21, 26, [30] [31] [32] 36 thus, although a patient may have a history of ictal tachycardia, not every seizure may be associated with increased heart rate. The average percentage of seizures associated with significant heart rate changes including tachycardia was similar for generalized (64%) and partial onset seizures (71%), however it is likely the magnitude of change is increased when seizures move from focal to generalized and additional brain centers are recruited. Using data reported in the literature reviewed here, on average, the change in heart rate during seizures was >30 bpm and consistent with a relative change >50% when compared to baseline heart rates. The majority of articles reviewed evaluated seizures of temporal lobe origin; when multiple lobes of onset were considered, results indicated that seizures of temporal lobe origin were more likely to have an associated tachycardia compared to seizures of extratemporal lobe origins. 11, 15, 28 The evidence to support an effect of seizure lateralization on heart rate in the literature was inconclusive, but suggests that events with increase in heart rate are more highly influenced by the right anatomic structures. 6, 9, 15, 18, 19 Finally, the timing of the change in heart rate has been documented to occur in the pre-ictal state, raising a possibility for intervention. The majority of studies indicated a significant rise in heart rate within first 30 s of seizure onset.
Observational data is subject to selection bias; however, most studies took measures to control bias by selecting random or consecutive patients and/or using a control group. Additionally, this phenomenon may be susceptible to publication bias in that it is likely results were published upon retrospective identification of an association between increase in heart rate and seizure onset; this is consistent with the fact that the majority of studies reviewed here were based on observational data collected during retrospective review of case series. The most significant limitation of the articles presented here is the range of definitions of ictal tachycardia, thus making the comparison of results across articles difficult. The heart rate at which tachycardia is present may vary by age; thus, when defining and determining the presence of ictal tachycardia, a definition which incorporates patient demographics such as age should be considered. Studies do not yet define a falsepositive rate for heart-rate increases in people with epilepsy, but not associated with seizures. We similarly do not know whether the magnitude and time course of heart rate increases associated with seizures differs systematically from heart rate increases due to other causes.
Conclusion
Significant changes in heart rate associated with ictal onset provide a promising and non-invasive biomarker for seizure detection and perhaps even prediction. Many of the patients evaluated in the articles reviewed here were presenting for EEG evaluation due to the refractory nature of their seizures. Together with the high prevalence of tachycardia in this population, we hypothesize that ictal tachycardia is likely to be associated with drug-resistant epilepsy. Moseley et al. conducted a linear regression analysis and found that ictal tachycardia was significantly associated with !3 failed anti-epileptic drugs (p < 0.001) and seizure generalization (p = 0.001). 20 Thus, these characteristics may be indicators of increased likelihood of ictal tachycardia. A limitation to seizure detection based on heart rate includes heart rate increases associated with normal autonomic nervous system activity; however, it has been suggested that the magnitude of mean increases in heart rate during epileptic seizures is sufficiently large when compared to non-strenuous exercises which may allow for distinction and subsequent detection of seizures. 41 Nevertheless, accurate detection of seizures is likely to require an adjustable threshold given the variability in the magnitude of heart rate changes associated with seizures within and across patients.
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